Objective: To determine whether MBD biomarkers were associated with the incidence of hospitalization with infection. We also assessed the cross-sectional association between MBD biomarker levels and kidney function.
M
ineral and bone disorders (MBDs) are common complications of chronic kidney disease (CKD) (1), and we have recently shown an increased risk of infection in those with CKD, even at mild to moderate stages (2) . Although the underlying mechanisms of an elevated risk of infection in CKD are not fully understood, MBD biomarkers might mediate this association. The results from animal studies have suggested that derangements in some MBD biomarkers, such as fibroblast growth factor 23 (FGF23) and vitamin D, disrupt aspects of the immune system, including leukocyte and innate immune function (3) (4) (5) .
Previous epidemiological studies reported an increased risk of infection associated with some MBD biomarkers (6) (7) (8) (9) (10) (11) ; however, their generalizability might have been limited by their cross-sectional design (6, 9) , small sample size (11) , and selected high-risk populations (7, 8, 10) . Also, the association between the full spectrum of MBD biomarkers and infection risk has not been well characterized in the general population. Such knowledge will be important to understanding the pathophysiology of mineral and bone metabolism in infection and could provide preventive and therapeutic targets because MBD biomarkers are potentially modifiable.
The aims of the present study were to assess the association of the serum levels of five measured MBD biomarkers-FGF23, 25-hydroxyvitamin D [25(OH)D], parathyroid hormone (PTH), calcium, and phosphoruswith risk of incident hospitalization with infection in a well-established community-based cohort, the Atherosclerosis Risk in Communities study. Because MBDs are common complications of CKD, we also explored the cross-sectional association between the serums levels of MBD biomarkers and kidney function at baseline.
Methods

Study population
The Atherosclerosis Risk in Communities study is a prospective cohort study of 15,792 individuals aged 45 to 64 years who were enrolled from 1987 to 1989 from four US communities: Forsyth County, North Carolina; Jackson, Mississippi; suburbs of Minneapolis, Minnesota; and Washington County, Maryland. MBD biomarkers were measured from serum samples drawn at visit 2 (1990 to 1992) , which was set as the baseline for the present study. Of 14,348 participants who attended visit 2, we excluded persons with a history of hospitalization with infection (n = 582), missing MBD biomarkers (n = 1039), missing eGFR values (n = 1061), race other than white or African-American (n = 42), no provision of informed consent for noncardiovascular disease research (n = 37), and missing covariates (n = 331). We also excluded persons with end-stage renal disease (ESRD) or an eGFR ,30 mL/min/ 1.73 m 2 (n = 38) to account for potentially influential outlying levels of MBD biomarkers in those with advanced kidney failure (12) . After the exclusions, 11,218 participants were included in the present analysis. All the participants provided written informed consent, and the institutional review board at each study site approved the study (approval no. H.34.99.07.02.A1 at Johns Hopkins University).
MBD biomarkers
The blood samples collected at visit 2 were processed, shipped, and stored at 270°C in accordance with the standard protocol. Using these samples, the assays for the MBD biomarkers were performed from 2012 to 2013 at the Advanced Research and Diagnostic Laboratory and the Molecular Epidemiology and Biomarker Research Laboratory, both at the University of Minnesota (Minneapolis, MN). The serum level of FGF23 was measured using a two-site enzyme-linked immunosorbent assay (FGF23 ELISA Kit; Kainos Laboratories, Inc., Tokyo, Japan). The serum level of 25(OH)D was measured using liquid chromatography-mass spectrometry/mass spectrometry instrumentation and was calibrated to account for seasonality using the residual approach (13) . The serum level of PTH was measured using a sandwich immunoassay method (Roche Diagnostics, Indianapolis, IN) on a Roche Elecsys 2010 Analyzer (Roche Diagnostics). Serum calcium and phosphorus levels were measured using a colorimetric method using a Roche Modular P Chemistry Analyzer (Roche Diagnostics). The calcium levels were corrected to account for hypoalbuminemia, defined as serum albumin ,4 g/dL, using the following formula: corrected calcium = measured serum calcium in mg/dL + 0.8 3 (4 2 serum albumin in g/dL) (14) . No correction for calcium was applied if the serum albumin levels were normal (i.e. $4 g/L).
Estimated glomerular filtration rate
The estimated glomerular filtration rate (eGFR) was calculated using the 2012 Chronic Kidney Disease Epidemiology Collaboration equation and accounting for serum creatinine and cystatin C (15) . Serum creatinine was measured using a modified kinetic Jaffé method, calibrated to the Cleveland Clinic laboratory measurements (16) and then standardized to the isotope-dilution mass spectrometry traceable method (17) . Serum cystatin C was measured using an enhanced immunonephelometric assay (Siemens Health Care Diagnostics, Newark, DE).
Infection-related hospitalization and mortality
The primary outcome of interest was incident hospitalization with infection. Hospitalizations were identified through annual telephone calls to the participants or their proxies and active surveillance of the local hospital discharge lists. Additionally, the participant information was linked to the state and national death records. All hospital discharge records were reviewed, and the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM), codes were extracted. Hospitalizations with infection were identified using the same list of ICD-9-CM codes for defining infection in the US Renal Data System (18) (details provided in Supplemental Table 1) . For primary analysis, we included all the ICD-9-CM codes, regardless of their diagnostic position. Participants who did not develop the primary outcome were censored when they had died, were lost to follow-up, or had been administratively censored on 31 December 2013. The secondary outcome was infection-related mortality, which was defined as subsequent death during or within 30 days after hospitalization with infection (19) .
Covariates
All covariates were assessed at visit 2 when the participants were aged 45 to 64 years, except for the years of education, which was assessed at visit 1. Smoking status and alcohol consumption were determined from self-reported questionnaires. Medication use was also determined by subject selfreport and examination of medication containers, which were brought to the clinic visit. Hypertension was defined as the use of an antihypertensive drug within the previous 2 weeks, systolic blood pressure $140 mm Hg, or diastolic blood pressure $90 mm Hg. Diabetes was defined as antidiabetic drug use within the previous 2 weeks, self-reported physician diagnosis, a fasting blood glucose level of $126 mg/dL, or a random blood glucose level of $200 mg/dL. A history of cancer and chronic obstructive pulmonary disease (COPD) were determined from the relevant ICD-9-CM codes between visits 1 and 2 (ICD-9-CM codes 140 to 165, 170 to 176, 179 to 209, and 235 to 239 for cancer and 490 to 492, 494, and 496 for COPD). A history of stroke or coronary heart disease was defined by self-reported history at visit 1 or adjudicated cases between visits 1 and 2. The serum level of C-reactive protein (CRP) was measured using the immunoturbidimetric CRPLatex (II) high-sensitivity assay (Denka Seiken, Tokyo, Japan) using a Hitachi 911 analyzer. The serum level of albumin was measured using the Coulter's bromocresol green colorimetric assay and a Coulter DACOS instrument (Coulter Diagnostics, Hialeah, FL).
Statistical analysis
The baseline characteristics were compared across quartiles of FGF23 levels using the Kruskal-Wallis test and x 2 tests, because FGF23 demonstrated the most consistent results in our analysis. The baseline characteristics were also compared across eGFR categories (30 to 59, 60 to 89, and $90 mL/min/1.73 m 2 ). In addition, to assess the cross-sectional relationship between eGFR levels and MBD biomarkers as continuous variables, each MBD marker was regressed on eGFR as restricted cubic splines, with knots at 60, 75, and 90 mL/min/1.73 m 2 . The FGF23 and PTH levels were log-transformed to account for their rightskewed distribution.
The incidence rates (IRs) and 95% confidence intervals (CIs) were estimated using Poisson regression models. Hazard ratios (HRs) were estimated using Cox proportional hazards models. The MBD biomarker levels were categorized according to their quartiles and also modeled as continuous variables using restricted cubic splines with knots at values corresponding to the 25th, 50th, and 75th percentiles. Because the level of MBD biomarkers is regulated within a certain range (1), both low and high levels can have clinical relevance. Thus, we a priori chose the median and second quartile as the reference for the continuous analysis and categorical analysis, respectively. Multivariable models were adjusted for age, sex, race, body mass index, smoking, alcohol consumption, years of education, serum albumin, high-sensitivity CRP (hsCRP), medication use (vitamin D, calcium, steroids, and antineoplastic agent), diabetes, hypertension, a history of cancer, COPD, coronary heart disease and stroke, and eGFR as restricted cubic splines with knots at 60, 75, and 90 mL/min/1.73 m 2 .
Several sensitivity analyses were performed. First, we restricted the outcome to cases with a primary diagnosis of infection. Second, we censored those with incident ESRD during follow-up to account for the potential outlying levels of MBD biomarkers in advanced kidney failure (12) . Incident ESRD was ascertained through the linkage to the US Renal Data System. Interaction was assessed by age (,65 vs $65 years), sex (male vs female), race (white vs African American), and kidney function (eGFR ,60 vs $60 mL/min/1.73 m 2 ) using log-likelihood tests. Two-sided P values , 0.05 were considered statistically significant. All the statistical analyses were performed using STATA, version 13 (StataCorp).
Results
Baseline characteristics
The median age was 56 years (interquartile range, 52 to 62), 24% (n = 3134) were African American, and 56% (n = 7095) were women. Of the study participants, 2.5% (n = 321) had an eGFR of ,60 mL/min/1.73 m 2 . In the entire study population, the median value was 41.7 pg/mL (interquartile range, 33.8 to 51.4) for FGF23, 23.9 ng/mL (interquartile range, 18.5 to 29.6) for 25(OH)D, 39.2 pg/mL (interquartile range, 31.2 to 49.1) for PTH, 9.4 mg/dL (interquartile range, 9.1 to 9.6) for corrected calcium, and 3.5 mg/dL (interquartile range, 3.2 to 3.8) for phosphorus. The baseline characteristics by FGF23 quartiles are listed in Table 1 . Individuals with higher FGF23 levels were more likely to be older and African American, to have a higher body mass index, to have a medical history of hypertension, diabetes, coronary heart disease, and stroke, and to have lower eGFR levels and higher levels of hsCRP. The prevalence of ever smoking tended to be lower in those with higher FGF23 levels. When the baseline characteristics were compared by eGFR category, individuals with a low eGFR (,60 mL/min/1.73 m 2 ) were more likely to be current or former smokers and to have a medical history of hypertension, diabetes, cancer, COPD, coronary heart disease, and stroke (Supplemental Table 2 ).
Cross-sectional association of eGFR with MBD biomarkers Figure 1 shows the level of each MBD marker regressed on eGFR and adjusted for age, sex, and race. A lower eGFR was associated with higher levels of FGF23, PTH, and corrected calcium. Specifically, the level of FGF23 and PTH was higher with a lower eGFR, especially at ,75 mL/min/1.73 m 2 , with an apparently steeper slope for FGF23 than for PTH. The level of corrected calcium was slightly higher with a lower eGFR but was less evident than for FGF23 or PTH. Table 2 . The crude IR was highest with the highest quartile for FGF23, PTH, and corrected calcium. In contrast, the crude IR was highest with the lowest quartile for 25(OH)D and phosphorus.
In the fully adjusted Cox regression analyses, including adjustment for eGFR, the HR was significantly greater for the highest quartile of FGF23 (HR, 1.12; 95% CI, 1.03 to 1.21), PTH (HR, 1.09; 95% CI, 1.01 to 1.18), and corrected calcium (HR, 1.11; 95% CI, 1.03 to 1.20) compared with the second quartile. The HR was also slightly greater in the lowest quartile of PTH (HR, 1.07; 95% CI, 0.99 to 1.16). For 25(OH)D, an inverse linear trend (P-for-linear-trend , 0.001) was seen, with the risk 11% greater in the lowest quartile (HR, 1.11; 95% CI, 1.03 to 1.21) compared with the second quartile.
When assessed in restricted cubic spline models, the association was nonlinear for FGF23, PTH, and corrected calcium (Fig. 2) . For FGF23 and corrected calcium, the risk gradient was not relevant at low levels; however, the infection risk was substantially greater at higher levels. For PTH, the risk was substantially greater at both higher and lower levels. The association was nearly linear for 25(OH)D, with a greater risk of infection at its lower levels. No significant association for phosphorus was found either at low or high levels.
The associations were consistent in the sensitivity analyses when we censored individuals with incident ESRD during the follow-up period (Supplemental Fig. 1) . When restricting the analysis to the 2321 cases with the primary diagnosis of infection (43% of all cases of hospitalization with infection), the results were generally 9.4 (9.1-9.6) 9.3 (9.1-9.6) 9.3 (9.1-9.6) 9.4 (9.1-9.6) 9.4 (9.2-9.7) , 0.001 Serum calcium, mg/dL 9.3 (9.1-9.6) 9.3 (9-9.5) 9.3 (9.1-9.6) 9.4 (9.1-9.6) 9.4 (9. Table 3 ).
In subgroup analyses, no statistically significant interaction was found by age (,65 vs $65 years; P-forinteraction . 0.2 for all five markers), sex (male vs female; P-for-interaction . 0.05 for all five markers), race (white vs African American; P-for-interaction . 0.4 for all five markers), or kidney function (eGFR ,60 vs $60 mL/min/1.73 m 2 ; P-for-interaction . 0.1 for all five markers).
Mortality risk related to hospitalization with infection
During the follow-up period, 985 subjects died during or within 30 days of hospitalization with infection (Table 3) . Consistent with the primary analysis, the risk was significantly greater in the highest quartile for FGF23 and corrected calcium and in the lowest quartile for 25(OH)D. In the fully adjusted models with the second quartile as the reference, the HR in the highest quartile was 1.25 (95% CI, 1.04 to 1.50) for FGF23 and 1.20 (95% CI, 1.02 to 1.42) for corrected calcium. The HR in the lowest quartile was 1.36 (95% CI, 1.14 to 1.63) for 25(OH)D. The levels of PTH and phosphorus were not significantly associated statistically with infection-related mortality.
Discussion
In this community cohort of middle-age adults, lower eGFR was associated with greater levels of FGF23, PTH, and corrected calcium but not 25(OH)D and phosphorus. In the longitudinal analysis, elevated levels of FGF23, PTH, and corrected calcium and decreased levels of 25(OH)D were each associated with an increased risk of hospitalization with infection. These findings were generally consistent across subgroups defined by age, sex, race, and kidney function and in sensitivity analyses when restricting to primary diagnosis of infection or accounting for incident ESRD. Finally, similar associations were observed for infection-related mortality.
Our finding of the positive association between FGF23 and the risk of infection is consistent with a few previous reports of patients requiring dialysis (8) or of older adults (10) . Our study extended this association to the middleage general population. Importantly, the association of FGF23 with the risk of infection was consistent for infection-related mortality in both sensitivity analyses and subgroup analyses. Although the underlying mechanisms are not fully understood, experimental studies have revealed that FGF23 might have a role in immune function, including the release of inflammatory cytokines (20) and neutrophil chemotaxis (21) . In addition, FGF23 has been reported to directly impair host defenses by interfering with chemokine signaling and integrin activation on polymorphonuclear leukocytes (22) .
The association of low 25(OH)D levels with an increased risk of infection was consistent with a few previous reports assessing the risk of respiratory infections (6, 9, 11) . The unique aspects of our study included the prospective design, treating 25(OH)D as a continuous variable with splines, and a large sample, which allowed for subgroup analysis. Activated vitamin D [1,25(OH) 2 D] is known to interact with the innate and adaptive immunity, including macrophage maturation (23) and lymphocyte proliferation and differentiation (24) . Furthermore, decreased 1,25(OH) 2 D was shown to impair the activation of neutrophils and monocytes through its act on cathelicidins in animal models (25) . Conversion from 25(OH)D to 1,25(OH) 2 D is impaired in those with reduced kidney function owing to the reduced 1?-hydroxylase activity Data in parentheses are interquartile ranges.
Fully adjusted models adjusted for age, sex, race, body mass index, smoking, alcohol consumption, years of education, serum albumin, and hsCRP, medication use (vitamin D, calcium, steroids, and antineoplastic agents), diabetes, hypertension, history of cancer, COPD, coronary heart disease, stroke, and eGFR. The levels of 25(OH)D were adjusted to account for seasonality. Corrected calcium (mg/dL) = serum calcium (mg/dL) + 0.8 3 (4.0 2 serum albumin in g/dL) if serum albumin ,4.0 g/dL.
(26, 27). Thus, although the association of eGFR with 25(OH)D was not relevant, those with a low eGFR might still have an increased susceptibility to infection owing to the low levels of 1,25(OH) 2 D.
To the best of our knowledge, this is the first epidemiological study showing significant associations of PTH and corrected calcium with the risk of infection. In most of our analyses, the association of PTH was U-shaped. Although PTH and calcium are known to interact with the immune system, the underlying mechanisms of increased susceptibility to infection are not well understood. PTH stimulates the production of CD8 + T cells in mice (28) ; however, human studies examining the effect of PTH on T cells were inconsistent (29) . For calcium, intracellular calcium has essential roles in signaling in immune cells (30) ; however, the role of extracellular calcium is not well understood. Finally, in the present study, the level of phosphorus did not differ across eGFR levels, and its association with infection risk was only significant when the outcome was restricted to persons with a primary diagnosis of infection.
These overall weak associations might be related to our inclusion criterion of an eGFR $30 mL/min/1.73 m 2 . Studies of dialysis populations reported that elevated levels of phosphorus (e.g., .5.0 mg/dL) were associated with diminished lymphocyte counts (3) and an increased risk of infection (7) . The lack of an association in the present, generally healthy, population suggests that phosphorus might be relevant in infection etiology, primarily in populations with advanced CKD.
The results of the present study have several clinical and research implications. The cross-sectional association of MBD biomarker levels with eGFR and their longitudinal independent associations with the risk of infection support our hypothesis of the involvement of mineral and bone metabolism in infection etiology in CKD. In addition, the modest size (10% to 20% increased HRs) of associations might indicate that the MBD biomarker levels can only explain a part of the increased risk of infection. In contrast, unlike a reduced eGFR, MBD biomarkers are potentially modifiable through diet (31) and medication (1) and, thus, could become therapeutic targets. A recent meta-analysis suggested the beneficial effect of vitamin D supplementation on preventing acute respiratory tract infection (32) . Nevertheless, whether interventions targeting MBD biomarkers could reduce the risk of infection remains largely unanswered. Therefore, future studies should be directed toward the causality, including a better understanding of the pathophysiological role of MBD biomarkers on infection, replication studies in populations with advanced CKD, and clinical trials to assess the efficacy of interventions targeting MBD biomarkers.
Several limitations should be acknowledged. First, the levels of MBD biomarkers were measured using stored samples and assessed only one time at baseline, which could have resulted in some measurement error (33) , leading to dilution bias. Second, we focused on hospitalizations with infection and did not capture less severe cases treated in the outpatient setting. However, hospitalizations with infection are clinically relevant, with the most costs and morbidities (34) . Third, although a previous study reported the positive predictive value of ICD-9-CM infection codes was $80% (35), our outcome ascertainment might have led to misclassification. Fourth, our participants were white and African-American subjects; thus, confirmatory studies of other racial groups could be needed. Fifth, the nature of our observational study could not exclude the possibility of residual confounding, although we accounted for many key potential confounders, including kidney function (eGFR) (2) and inflammatory biomarkers [serum albumin (36) and hsCRP (37) ]. Finally, although we primarily focused on the association of each MBD marker with the risk of infection, the MBD abnormalities could correlate with each other with complex complementary feedback. Thus, future studies are needed to explore the pathophysiological pathways in the association between MBD biomarkers and the risk of infection.
In conclusion, among community-based middle-age individuals, a lower eGFR was associated with higher levels of FGF23, PTH, and corrected calcium. On longitudinal analysis, elevated levels of FGF23, PTH, and corrected calcium and lower 25(OH)D levels were each associated with an increased risk of hospitalization with Analysis was based on 985 infection-related deaths, defined as death occurring during or within 30 days of hospitalization with infection. Fully adjusted models adjusted for age, sex, race, body mass index, smoking, alcohol consumption, years of education, serum albumin, hsCRP, medication use (vitamin D, calcium, steroids, and antineoplastic agents), diabetes, hypertension, history of cancer, COPD, coronary heart disease, stroke, and eGFR. Levels of 25(OH)D were adjusted to account for seasonality. Corrected calcium (mg/dL) = serum calcium (mg/dL) + 0.8 3 (4.0 2 serum albumin in g/dL) if serum albumin ,4.0 g/dL.
infection. These findings support the involvement of mineral and bone metabolism in the etiology of infection.
